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GENERAL INTRODUCTION 
The technological promise of superconducting materials has been 
obvious since the discovery of superconductivity by Kamerligh Onnes in 
1911. But the fulfillment of this promise has required the solution of 
a great many problems. The capacity of superconductors to carry a current 
without resistance suggests the possibility of generating electric power 
with 100% efficiency and of transmitting it without any loss. Because all 
pure metal superconductors have relatively low T^, less than 10 K, and 
have a distinct and sharply defined critical field strength, less than 
0.1 tesla, early attempts to build magnets from these materials were 
disappointing. During the 1950s, the beta-tungsten (A-15) structure 
superconductors, V^Si and Nb^Sn, were discovered by John K. Hulm and T. 
Matthias. The possibility of achieving high current densities in these 
materials that enabled magnet construction was not recognized immediately. 
With development of the bronze process in the mid-1960s, significant 
progress was made in applied superconductivity. More recently, with 
increasing importance of superconductors for the production of high 
magnetic fields in fusion magnets, a great deal of effort has been con­
centrated on the means of improving the critical current of super­
conductors at high magnetic fields. 
The "bronze process" is an accepted method to prepare a multifila-
mentary superconducting material for large magnetic devices. This process 
involves inserting Nb rods in a predrilled bronze ingot and extruding and 
drawing to a hexagonal rod. The rod is cut, cleaned and stacked in a 
copper can and the extrusion-stacking step is repeated two more times 
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before drawing It Into final wires. Repeated annealing is required during 
the extrusion-drawing process to recover ductility lost through cold-
working. The final step is to anneal the wires at elevated temperature 
to form NbgSn filaments in a bronze matrix. 
In 1973, Tsuei (1) reported the superconducting characteristics of a 
dilute Cu-Nb-Sn alloy with Nb precipitates prepared by rapidly solidifying 
the alloy and subsequent cold-working and heat treatments. The of his 
wire was relatively low, because the superconducting filaments were too 
short and were not present in sufficiently high volume fraction. An alter­
nate method similar to Tsuei's has been developed and came to be called "in 
situ" process. These superconducting wires are prepared by casting and 
drawing a Cu-Nb ingot into wire. Therefore, Nb filaments are dispersed in 
a Cu matrix and aligned with the axis of the wires. These wires are coated 
with Sn and then annealed at elevated temperatures. Nb^Sn filaments are 
formed by the reaction of Nb filaments and Sn during diffusion heat treat­
ment. This process has been developed independently by Verhoeven et al. 
(2) and Finnemore et al. (3) at Ames, Harbison and Bevk (4, 5) at Harvard, 
Foner et al. (6) at M.I.T., and Roberge et al. (7) at Quebec. 
At Harvard, Tinkham and co-workers have proposed phenomenological 
equations to interpret the electric conductivity of in situ wire based on 
the effective medium and percolation theories (8, 9, 10). Harbison and 
Bevk (4) developed a r.f. lévitation melting technique to prepare a 
material with uniform distribution of the precipitates, revealed the 
microstructure of Nb^Sn filaments, and pointed out the unusual high 
strength of their composites (11). They also have reported that a 
Nb^Sn-Cu tape with aligned filaments to the rolling surface gives a 
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strong anisotropy in at the field close to (12), and an anisotropic 
in situ formed Nb-Cu tapes (13). 
At M.X.T. and Quebec, Foner et al. and Roberge et al. have a 
very broad program on the developments of multifilamentary superconductors, 
such as Nb^Sn, V^Ga, and Nb^Al, including in situ (6, 7) and cold powder 
metallurgy processes (14, 15). They have developed techniques to prepare 
materials by chill casting the composites in graphite molds (6, 16) or by 
directional solidification to produce Nb dendrites aligned in a Cu matrix 
(17). They have done extensive work with strain effects on J (18), the 
effect of impurity additions (19, 20), and the validity of percolation 
theories (21). 
At Ames, Verhoeven et al. prepared a Cu-Nb ingot, ~ 80 gm, by chill 
casting the composites in a water-cooled copper chill mold (2, 3), and 
then developed the arc casting technique (22, 23) to scale up Cu-Nb ingots 
to 15 kg for commercial application. Both the external diffusion and 
internal diffusion processes (24) have been used to form Nb^Sn filaments 
in a Cu matrix, i.e., tin-cored wire and tin-plated wire. Ames 
researchers have also done a wide variety of work with the morphologies 
and grain size of Nb^Sn filaments (25), the control of Nb filament shape 
for optimization of (26), calorimetric measurements of ac loss (27), 
the effect of Ta additions and C contents, the improvement of by 
controlling coarsening processes, and flux pinning mechanisms in in situ 
wire. 
In addition, Shen and Verhoeven (28) have shown the ac loss in a 
variety of Ames in situ wires with different sizes and twist pitches. 
Airco (29) and I.G.C. (30) have concentrated on large scale wire drawings. 
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tin plating, and casting for commercial purposes. At Westinghouse, 
Braginski and co-workers (31, 32) have focused on a full understanding of 
the ac loss. In Japan, Nagata et al. (33) have reported and values 
of superconducting wires in the as-cast and as-drawn form and their results 
are similar to values reported by the above workers. They pointed out 
that 550-600°C is an optimum reaction temperature for high J which is in 
agreement with previous results at Ames (25). They also have reported the 
influence of Ga addition on superconducting properties of their in situ 
composite wire. 
Since I joined this group in June, 1978, my studies have concentrated 
on the morphologies of as-drawn Cu-Nb wire and Nb^Sn grain size in 
Nb»Sn-Cu wire, the optimization of Nb filament size on J properties, and J c 
the improvement of J^ by controlling coarsening of Nb filaments. I have 
also studied the effects of Ta additions and C content, and the surface 
flux pinning in this in situ formed Nb^Sn-Cu composite wires. 
In this thesis, two papers are presented: (1) Flux pinning in in 
situ multifilamentary Nb^Sn-Cu composite wire, and (2) The optimization 
of critical current in in situ Nb^Sn-Cu composite wire. 
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SECTION I. FLUX PINNING IN IN SITU MULTIFILAMENTARY 
Nb^Sn-Cu COMPOSITE WIRE 
6 
INTRODUCTION 
Although the critical currents of superconducting wires have been 
of considerable practical interest for sometime, it has been difficult to 
develop a full theory of flux pinning. This is because the geometries 
are rather complicated and several different types of force can be 
operative. In the Pb-Bi system (1), the large normal conducting Bi-
precipitates contribute to the pinning, predominantly by means of the 
magnetic interaction of a flux line with a precipitate boundary. This 
1/2 
type of pinning is predicted to give F « h (1-h). In the Nb-Ti (2) 
P 
case, both the dislocation subcell structure and precipitates contribute 
to the pinning and the F = h(1-h) behavior might be expected. Bronze-
P 
1/2 2 
processed Nb„Sn (3) has F « h (1-h) behavior in the range of h from J p 
0.6 to 1.0. A magnetic field dependence of this form could arise from the 
shear of the flux line lattice around the strong pins at high fields. In 
1/2 2 bronze-processed Nb^(Sn^^ ^Ga^) (4), F^ is found to follow h (1-h) 
function for a wide range of h from 0.2 to 1.0. In this case, grain 
boundary pinning might also be involved because of the wide range of h. 
Experimental work has shown that a variety of defects in the 
materials, such as dislocations, grain boundaries, precipitates of a 
second phase, impurities, and voids, play a very important role in deter­
mining the critical current in different superconductors. Typically, 
these defects iù materials are able to pin the flux core and restrict its 
movement against the Lorentz force of J x B. Therefore, the critical 
current density is determined by the condition that the Lorentz force 
per unit volume, x B, is equal to the pinning force density F^. 
Consequently, one expects that the pinning force and critical current 
density will be increased with the increased fraction of imperfections 
of the material. 
Excellent reviewfe of thiis subject are given by Dew-Hughes (5) and 
Campbell and Evetts (6). Unfortunately, the number of defect structures 
per unit volume can be estimated only roughly. In the work, reported here 
a system has been chosen which has a fairly well-defined geometry for 
some of the grain structures and it appears that these grain boundaries 
give most of the pinning. 
Previous studies have shown grain boundaries are the dominant 
pinning sites for many materials (7, 8). Nembach and Tachikawa (7) 
have found a correlation between grain size and pinning force in 
V^Ga tapes produced by a solid state diffusion process^. Scanlan et al. 
(8) have shown that the pinning force in Nb^Sn samples increases 
linearly as a function of the inverse of grain size, F 1/D. Even 
though these results show a striking correlation, they are insufficient 
to provide a full description of surface pinning mechanisms in super­
conductors because they do not predict the constant of proportionality. 
In this paper, flux pinning is studied for in situ multifilamentary 
Nb^Sn-Cu superconducting wires. There are two advantages to the study 
of the pinning effects on these composite wires. One is that material 
is free of impurity precipitates (9, 10) so that grain boundary 
pinning might be dominant. The second advantage is that the micro-
structures of NbgSn filaments in these composites are very well-
determined (11, 12) in that many boundaries are aligned perpendicular 
8 
to the wire axis. It makes the quantitative calculation on effective 
pinning area of grain boundaries possible and precise. 
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EXPERIMENTAL PROCEDURE 
Alloys of Cu-20 wt% Nb were prepared by induction melting of Cu and 
Nb metals in a crucible and either solidifying them in a crucible 
or casting them directly into a water-cooled copper chill mold. After 
casting, the ingots were machined into a rod shape, swaged and then drawn 
into a wire with a diameter of 0.15 mm. The stoichiometric amount of Sn 
was electroplated on the Cu-Nb wire. The conversion of Nb to Nb^Sn was 
carried out by diffusing Sn through the Cu matrix and reacting with Nb at 
various annealing temperatures and times. The details of these techniques 
are described elsewhere (12, 13). 
The critical current measurements were carried out on hairpin samples 
at 4.2 K in a transverse magnetic field. Measurements up to 8 tesla were 
done in a superconducting solenoid type magnet at Ames, and measurements 
from 8 to 15 tesla were made at the National Magnet Laboratory. The 
critical current was defined with a 1 pv/cm criterion and the current 
density was calculated on the basis of the total cross sectional area of 
wire. The microstructures of transverse and longitudinal sections of the 
wire were examined by using the SEM mode and TEM mode of a JEOL 100 CX 
electron microscope. The samples were prepared by techniques similar to 
those previously described (11). 
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RESULTS 
A comprehensive report (11, 12) of coarsening and grain growth in 
these materials has been given earlier so a brief discussion will suffice 
here. The area reduction R is defined as k . / A j .  where A. is the initial X r 1 
sample area before mechanical reduction and A^ is the final area. For R 
up to 2500, the filaments of Nb^Sn are ribbon-shaped with a width to 
thickness aspect ratio of about 20 to 1. For this range of R, there is 
no significant amount of coarsening for a diffusion anneal of 4.7 days at 
550°C. Figure la shows a typical scanning electron micrograph of the 
cross-sectional view of Nb^Sn-Cu composite wires for R = 2500. After 
reaction, the Nb^Sn filaments still have a ribbon-like shape about 1000 Â 
thick and 20,000 Â wide. Values of the thickness for several samples are 
given in Table 1. Above R =4500 there is a substantial amount of 
coarsening as revealed by the cross-sectional micrograph of Figure lb. 
The mixed structures of rod-like and ribbon-like filaments appear in the 
wire of area reduction 5900. For R greater than 30,000 the coarsening 
effect is very severe. For example, a chill cast wire having an area 
reduction equivalent to R =389,000 gives heavily coarsened Nb^Sn 
filaments A/ 800 Â in diameter after annealing for 6 days at 550°C as 
shown in Figure 2. There is a clear change in filament morphology as R 
becomes larger than 4500. Expressed in terms of Nb filament thicknesses, 
this means that any as-drawn wire with any filament dimension less than 
~ 520 Â (12) will coarsen significantly during the 550°C diffusion anneal. 
The grain sizes of Nb^Sn and the thicknesses of Nb^Sn filaments at 
various temperatures and times were measured on TEM micrographs. The 
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(b) 
Figure 1. Transverse section of Nb^Sn-Cu in situ wires annealed at 550°C 
for 4.7 days. 
(a) NbgSn-Cu wire with R = 2500 shows ribbon-like NbgSn fila­
ments; (b) Nb^Sn-Cu wire with R = 5900 shows a mixed structure 
of rod-like and ribbon-like Nb^Sn filaments. (20,000X) 
Table 1. A number of parameters calculated from experimental data 
Sample Heat treatment 
Area 
reduction 
R 
Radius or 
thickness 
of filament 
t or r (A) 
Ratio of 
large 
dimension 
to small 
dimension 
of NbgSn 
grain. a 
Effective pinning 
area 
" / -1 S (cm ) 3 ' 10 •S or 
V V 
Maximum pinning 
force 
10=-F T en.-" 
P 
550"C 6 day 7000 
chill 600°C 21 hr 7000 
cast 725°C 6 hr 7000 
409 
480 
917 
1.9 
1.8 
1.8 
2 . 2  
2 . 0  
1 . 1  
8 . 6  
5.5 
2 . 0  
crucible 
cast 
550*C 4.7 day 
550°C 4.7 day 
550""C 4.7 day 
550°C 4.7 day 
850 
1500 
2500 
5900 
1366 
1247 
1018 
942 
1.7 
1.7 
1.8 
1.7 
2.9 
3.1 
3.8 
4.1 
7.7 
9.7 
11.5 
13.5 
13 
Figure 2. Transverse section of chill cast NbqSn filaments after annealed 
at 550®C for 6 days. (40,000X) 
14 
value of grain size determined from an average of over 100 grains is 
listed in Table 1 along with other filament parameters. Stated broadly, 
Lhe diameter ol." Nb^Sn filaments increases with increasing annealing 
temperature, and the thickness of Nb^Sn filaments increases with 
decreasing area reduction, as would be expected. 
These changes in filament morphology are accompanied by a 
corresponding optimum value for the critical current as shown by the 
family of J versus u H curves of Figure 3. All of the samples in this 
figure were prepared from Cu-20 wt% castings having dendrite sizes in the 
7-9 ijm range. The magnitude of the values was comparable to commer­
cial bronze-processed wire. It should be noted that as the value of R 
increases the general shape of the vs. curves is retained and the 
values of increase until R is in the 2500 and 5900 range. Above R = 
5900, degrades again because the filaments begin to coarsen 
substantially. 
Above 8T, the data follow the Kramer function (14), J versus 
* 
as a linear relation and shown in Figure 4. , defined as a linear 
extrapolation of the data from 8T to 18T at = 0, remains a constant for 
all R up to 2500 where coarsening begins to occur. At larger values of R, 
* 
drops by a substantial amount. It is important to emphasize here that 
* 
is an empirical parameter derived from the magnetic field dependence 
of J values which are governed by flux pinning in a discontinuous fila-
ment system. The true of a single filament may be quite different. 
The pinning force data, F = J x B versus y H, are shown by the 
p c o 
family of curves on Figure 5. For fields up to about lOT, the samples 
with R = 5900 (open triangles) show the strongest pinning force, so in 
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this field range it pays to reduce the wire slightly beyond the point 
where coarsening begins to be noticeable. Above lOT the sample with the 
largest R before coarsening, R = 2500 shown by the open hexagons, shows 
the largest Fp. 
There is a very striking similarity of the F curves as emphasized 
P 
by Figure 6 where the data are plotted in terms of the reduced variables 
F /F versus h = H/H Within the errors of the experiment, the data 
P P c2 
follow a universal curve all the way from h = 0.1 to h = 1.0 with a peak 
1/2 2 
at h = 0.2. A plot of h (1-h) versus h is a very close fit to the data 
over the entire range as shown by the solid line. Similar data are shown 
in Figure 7 for different reaction conditions. Here the samples have 
average filament diameters ranging from 800 A to 1800 Â. This h^^^(l-h)^ 
behavior over such a wide range of h is just the behavior predicted for 
surface pinning with core interaction at a normal pinning center (5). 
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DISCUSSION 
The correlation between changes in of superconductors with 
metallurgical variations, such as grain size, heat treatment conditions, 
alloying elements, and mechanical strain, can be seen most readily by 
using the scaling law for magnetic flux pinning in Type II super­
conductors (3, 15). In the high magnetic field regime, the scaling law 
of magnetic flux-pinning strength, F , is given by Kramer (14) as 
P 
F = K hl/2(l-h)2 (1) 
p s 
where h = H/H^g and = 0.56 ^Here < is Ginsburg-
Landau constant, a^ is the flux lattice spacing and p is the pinning-
site density. This equation is derived by assuming a non-uniform array 
of pinning sites in which the flux pinning could be described by two 
regimes. At low fields, flux motion occurs when isolated flux lines 
become unpinned, whereas at the high fields, flux motion occurs by the 
shear of the flux lines past one another. In addition to this behavior, 
the Kramer model gives a peak in F which occurs at successively lower 
P 
values of h as the magnitude of F increases. This feature is not seen 
P 
in these in situ data. 
1/2 2 An alternate pinning model with ah (1-h) function is surface 
pinning with core interactions where shear in the flux line lattice does 
not occur. The magnetic flux-pinning strength, F^, is given by Dew-Hughes 
(5) as 
22 
where is a permeability, and is the surface pinning area per unit 
volume. This surface pinning mechanism requires two dimensions of the 
grain boundary area greater than the Interspacing of flux line, a^ . It 
also requires that the distance between two pinning surfaces be larger 
than 10 a^  in order for the planes to act independently during interaction 
with the flux lines (16), i.e., the flux lattice rigidity effects can be 
neglected. For this model, the peak in F occurs at h = 0.2 and 
P 
remains constant in spite of changes of F F /F vs. h and F vs. 
P PP P 
1/2 2 h (l-h) plots have been used regularly to test the pinning mechanisms. 
Figure 6 and Figure 7 show the peak in F is at h = 0.2 for Nb„Sn-Cu 
P j 
wires with a variety of microstructures. There Is no indication of 
changes in the h at which F occurs as would be expected if flux 
P 
lattice shearing occurred. Figure 8 shows that the pinning strength is a 
1/2 2 linear function of h (l-h) over a wide range of magnetic fields and 
microstructures as predicted by Eq. (2). Further comparison of the sur-
1/2 2 face pinning function, F « h (l-h) , and Kramer's scaling law, 
P 
__ _2 1/2 2 
Fp " (1-a^ /p) h (l-h) , is shown in Figure 9. A linear fit appears 
over the full range of magnetic fields for the surface pinning function, 
whereas Kramer's scaling law shows a linear fit only at magnetic fields 
greater than 7T. These results indicate the surface flux pinning rather 
than flux line shear is applicable for the Ames in situ materials. It is 
* 
worthwhile to point out that can be determined either by extrapolating 
J l/2gl/4 y H or (1-a V^ )J vs. y H curves to J =0 without 
c o o c o c 
changing its value as shown in Figure 10. This is because the value of 
a^ /p is very small above 12T. 
A good correlation between grain size and J^ , has been found in 
20 
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commercial Nb^ Sn tape (8), and bronze-processed (8) as well as in situ 
(11) Nb^ Sn. This indicates that grain boundaries are the primary flux 
pinning sites in the Nb^ Sn compound. The orientation of the flux line and 
the surface of the grain boundary is an important factor in pinning 
effects, and it has been observed (17, 18) that the interaction of flux 
lines with grain boundaries is strongest when they are parallel to each 
other within a few degrees. In addition, Dasgupta et al. (19) have 
studied the flux pinning by grain boundaries in niobium bicrystals. They 
observed extremely narrow peaks in versus tilt angle with a half-
intensity width _< 1° and an intensity 8 times the off-peak values when 
the fluxolds are parallel to the surface of the grain boundary. This 
indicates that alignment of grain boundaries with the magnetic field is 
very important in the flux pinning mechanism. 
For the in situ formed Nb^ Sn-Gu wires, the grain boundary configu­
ration is different from Nb^ Sn tapes and bronze-processed wires because 
the filaments are so small and frequently only one grain wide. There are 
two major surfaces of the grain boundaries which could act as pinning 
sites : the interface between two superconducting grains (Nb^ Sn-Nb^ Sn), 
and the interfaces between superconducting filaments and the normal Cu 
matrix. In order to evaluate the role of surface pinning, Eq. (2), the 
effective area of grain boundary has been calculated on the basis of 
metallurgical measurements and observations. A schematic view of the 
effective grain boundaries is shown in Figure 11. The total interface 
area between superconducting filaments and the normal Cu matrix is larger 
than that between superconducting grains by a factor of ^  8 for ribbon-
like filaments and 14 for rod-like filaments. Presumably, the effective 
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(a)  
cy 
( b )  
Figure 11. A sketch of the effective surface pinning area of ..Nb^ Sn 
filaments. (a) rod-like Nb^ Sn filaments; (b) ribbon-like 
Nb-Sn filaments 
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pinning surface of the Nb^ Sn filament will be the interfaces of the 
Nb^ Sn-Nb^ Sn grain boundaries, indicated as S^ , and in Figure 11. 
In the ribbon-like Nb^ Sn filament, two kinds of pinning interfaces are 
Sg and S^ . A prime effective pinning surface is the interface perpen­
dicular to the current flow direction, Sg, which is parallel to the flux 
lines in spite of the orientation of filaments. The effectiveness of the 
interface parallel to the current flow direction, S^ , may be less than the 
total area of because the filaments are randomly orientated with 
respect to the applied magnetic field. Figure 12 is a transmission 
electron micrograph of the longitudinal view of a ribbon-like filament 
from a wire with R = 2500 annealed at 550°C for 4.7 days. This Nb^ Sn 
filament extracted from a Nb^ Sn-Cu composite wire lies flat on the folded 
grids. It reveals that some grain boundaries were perpendicular to the 
filament axis indicated as A in Figure 12 and some were not perpendicular 
to the filament axis, indicated as B. The fraction of grain boundaries 
of NbgSn-Nb^ Sn (f^ ) that yielded to the condition of the strongest inter­
action between pinning surface and flux line was determined to be ~ 0.54. 
Based on metallurgical observations, the effective pinning area can 
be expressed by the following relations: 
C -%r »> 
. 
where S and S are the effective surface areas per unit volume for com-
V V . 
posite wires containing rod-like and ribbon-like superconducting fila­
ments, respectively, f^  is the volume fraction of NbgSn, fg =0.27, 
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Figure 12. A TEM micrograph Illustrating the grain boundaries of Nb^ Sn-
NbgSn grains within the filaments extracted from Nb^ Sn-Cu 
wire with R = 2500 
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f is the effective fraction of pinning surface, r is the average radius 
G 
of the rod-like filament, t is the thickness of the ribbon-like filament, 
and a is the ratio of large dimension to small dimension of the Nb^ Sn 
grains. These parameters were measured and are listed in Table 1. The 
« II 
effective pinning areas and were calculated from the metallurgical 
model, Eq. (3) and Eq. (4), and was calculated from theory, Eq. (2). 
The comparison of these results is shown in Figure 13 in terms of the 
maximum pinning force versus the effective pinning area. The solid line 
was calculated from the theoretical function, Eq. (2). It is clear that 
these experimental results are consistent with the theoretical surface 
pinning function with core interaction within the experimental error of 
20 percent. The author concludes that the surface pinning function with 
core interaction provides an adequate expression of the measured Lorentz 
force over a full range of h in in situ prepared Nb^ Sn-Cu superconducting 
wire. The grain boundaries between two superconducting grains are the 
predominant cause for flux pinning in this system. 
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Figure 13. A comparison of the effective pinning area at maximum pinning 
force calculated from theory and from metallurgical 
measurements 
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CONCLUSIONS 
1. The current-carrying capacity of in situ formed Nb^ Sn-Cu super­
conducting wire can be fully explained by the surface pinning function 
with core interaction, 
2. The experimental result of effective pinning area calculated from 
the metallurgical model gives good fit with that calculated from the theo­
retical model. Results indicate that the grain boundaries of Nb^ Sn-
NbgSn grains perpendicular to the filament axis are the predominant 
cause for flux pinning in this system. 
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SECTION II. THE OPTIMIZATION OF CRITICAL CURRENT IN THE 
IN SITU NbgSn-Cu COMPOSITE WIRE 
36 
INTRODUCTION 
Because of the increasing Importance of the production of magnets 
to confine plasma in fusion reactors, there has been a great deal of 
effort concentrated on the developments of in situ Nb^ Sn-Cu super­
conducting wires (1-6). These in situ composite wires contain a dense 
array of Nb^ Sn filaments dispersed in a Cu matrix and aligned with the 
axis of the wires. They are different from conventional bronze-processed 
wires in two aspects ; (a) In situ processed Nb^ Sn filaments are formed 
by the reaction of Nb filaments with Sn, which diffuses through a Cu 
matrix; in the bronze process Nb^ Sn is formed by reacting the Nb filaments 
with a Cu-Sn matrix, (b) For in situ wires, the Nb^ Sn filaments are dis­
continuous and homogeneously dispersed in a nearly pure Cu matrix. 
properties (7) and strain tolerances (8) of in situ wires have been 
measured and the results are comparable to, or even better than, bronze-
processed wires. 
In bronze-processed wires, several attempts have been made to 
increase and t>y introducing alloying elements into the Cu-Sn bronze 
matrix or the Nb cores. For Instance, Ga and In are expected to 
substitute on the Sn sites of Nb„Sn, and Ta on the Nb sites. The 
influence of Ta additions to Nb cores of bronze-processed Nb^ Sn-Cu multi-
filamentary wires has been studied by Livingston (9) and Suenaga et al. 
(10). They observed a substantial enhancement of J at magnetic fields 
c 
above 12T. LeHuy et al. (11) have observed the same behavior with in situ 
formed superconducting wires containing Ta additions. Flukiger (12) has 
Investigated superconducting properties on a set of in situ prepared 
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composite wires with varying contents of Ta. He showed that the increase 
of J relative to the wire containing no Ta is distinctly higher than for 
bronze-processed wire, particularly at magnetic fields of 16T. This 
Increase of J at very high magnetic fields is very significant and makes 
c 
the wire suitable for application in superconducting magnets for fusion 
reactors. 
In a related series of experiments (7), a considerably higher was 
found with superconducting wires prepared from carbon free material cast 
in yttria crucibles, relative to wire (13) prepared from large scale 
ingots consumably arc cast in graphite lined molds. In addition, previous 
studies (5, 14) have shown that the C content affects the morphology of 
Nb dendrites In as-cast Cu-Nb ingots. Therefore, it was thought that the 
C content in as-cast ingot plays an important role on properties of 
these wires. 
In this study, an attempt is made to improve the J properties of 
in situ composite wires by: (a) optimizing as-drawn Nb filament size, (b) 
eliminating C impurities, and (c) employing Ta additions. 
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EXPERIMENTAL PROCEDURE 
Cu-Nb and Cu-Nb-Ta ingots were prepared by induction melting of 
Cu (99.999%) and Nb (99.85%) or Nb-16.6 wt% Ta metals in a yttria crucible 
at 1830*C for 10 min. and then cooling by shutting off the power. The 
Nb-16.6 wt% Ta alloy was prepared by arc melting in an argon atmosphere 
and then rolling into sheets of 0.5 mm in thickness. After casting, the 
ingots were machined into appropriate size rods, encased in stainless 
steel tubes, heated to around 1000°C, and hot swaged a total reduction 
in area of 30%. The stainless steel cladding was then removed and the 
rods were cold swaged to a diameter of 1.25 mm, followed by wire drawing 
to 0.15 mm diameter. The stoichiometric amount of Sn, 9.3 vol% Sn or 
14.8 vol% Sn depending upon the composition of Nb or Nb-Ta in the alloys, 
was electroplated on the Cu-Nb or Cu-Nb-Ta wires. The conversion of Nb to 
NbgSn was carried out by annealing the wires at various temperatures for 
various times thereby diffusing the Sn through the Cu matrix and reacting 
it with the Nb. 
The critical current measurements were carried out on hairpin samples 
at 4.2 K in a transverse magnetic field. Measurements up to 8 tesla were 
done in a superconducting solenoid type magnet at Ames and measurements 
from 8 to 19 tesla were made at the National Magnet Laboratory. The 
critical current was defined with a 1 yv/cm criterion and the current 
density was calculated on the basis of the total cross sectional area of 
the wire. The microstructure of transverse or longitudinal sections of 
the wire was examined by using the SEM mode of a JEOL 100 CX electron 
microscope. The preparation of samples for SEM analysis has been 
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described elsewhere (15). 
In order to study the effect of area reduction ratio, R, on critical 
current density, J^ , a number of yttria cast wires were prepared from 
various sizes of rods machined from Cu-20 wt% Nb ingots. Area reduction 
ratio is defined as A^ /A^ , where A^  is the cross-sectional area of samples 
before mechanical reduction and A^  is the cross-sectional area of the 
final wire. The mechanical reduction process produced a reduction in area 
ranging from 200 to 30,000. Area reductions larger than 30,000 were 
achieved by further reducing the wire to 0.08 mm. A series of these 
wires, having area reductions varying from 200 to 30,000 and Nb filaments 
ranging from 1500 Â to 400 Â, were coated with 9.3 vol% Sn and annealed 
at 650°C for 5 days. 
To investigate the influence of C composition in superconducting 
wires, two identical sizes of Cu-20 wt% Nb ingots, 2.5 cm in diameter and 
1.8 cm in length, were cast in yttria and graphite crucibles. The average 
size of the dendrites in yttria casting and graphite casting was measured 
by using a scanning electron microscope. These two ingots were machined 
into 1 cm diameter rods, swaged, and then drawn into 0.15 mm diameter 
wires to maintain an identical reduction ratio, R = 4600. Nb^ Sn-Cu wires 
from yttria and graphite castings were prepared by coating with 9.3 vol% 
Sn and then annealed at 550°C for 4.7 days. The carbon composition was 
determined by combustion analysis techniques. 
For studying the effects of Ta additions on superconducting 
properties, a series of wires of Cu-30 wt% Nb, Cu-29.1 wt% Nb-0.9. wt% Ta, 
Cu-27.9 wt% Nb-2.1 wt% Ta, Cu-26.7 wt% Nb-3.3 wt% Ta, and Cu-25.2 wt% Nb-
4.8 wt% Ta were prepared from 1 cm diameter Cu-Nb-Ta rods which were 
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machined from the ingots. Ail these wires were electroplated with 14.8 
vol% Sn and then annealed at 550°C for 5 days. Since Ta and Nb are 
completely miscible with each other in a solid solution and immiscible 
with Cu, the Nb-Ta dendrites grow into the Cu-rich melt during freezing. 
Thus, the Cu-Nb-Ta alloys had Nb-Ta dendrites homogeneously dispersed in 
a Cu matrix. The microstructures of dendrites were revealed by examining 
deep etched surfaces of the alloys with a scanning electron microscope. 
The composition of Ta in the Cu matrix and in the Nb dendrites was 
determined by an electron microprobe. The preparation of samples for 
this analysis was similar to that reported previously (15). 
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RESULTS AND DISCUSSION 
Optimization of Area Reduction Ratio 
Recent work (7) at Ames has shown that the average Nb filament thick­
ness of as-drawn wires is a function of the area reduction ratio, R. 
The average Nb filament thickness appears to follow a linear relation with 
R on a log-log plot as shown in Figure 1. This work (7) has also shown 
that a significant coarsening of Nb filaments will occur during the Sn 
diffusion annealing step if the wire reduction has produced ribbon-like 
Nb filaments with dimensions less than 600 Â in thickness. This 
coarsening effect can cause the filaments to lose their continuity and 
* 
leads to a significant reduction in and properties. Previous 
results, given by the open symbols on Figure 2, have shown that the 
optimum Nb filament thickness prior to a 550°C diffusion annealing is 
around 520 Â for 8T and 650 Â for 12T. It is clearly illustrated that an 
optimum reduction ratio, R , appears at ^  R = 6000 for a field of 4T, 
opt 
and shifts to lower values of R at high magnetic fields. At magnetic 
fields above 12T, R • remains around 2500. This means that it is very 
opt 
important to keep the thickness of the Nb filament at about 650 Â, (which 
corresponds to an area reduction of about 2500 for our castings) to avoid 
the coarsening of filaments. 
Previous studies (15) have pointed out that annealing for 3 to 5 days 
at 550°C is sufficient to convert Nb filaments into Nb^ Sn filaments during 
a diffusion reaction for 0.015 cm diameter wire. Furthermore, high 
reaction temperatures are detrimental to properties because high 
temperatures increase the grain size of Nb^ Sn. Although significant 
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Figure 1. Niobium thickness versus area reduction ratio R for Nb dendrites having initial 
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Figure 2. Critical current density versus area reduction ratio at magnetic fields from 4 to 14T. 
Cu-20 wt% Nb wire, 0.15 mm diameter, coated with 9.3 vol% Sn and reacted at 550°C 
for 4.7 days and at 650°C for 5 days 
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* 
enhancement of H _ is often observed (16, 17) on wires annealed at high 
cl 
temperatures, the coarsening effect can cause a substantial decrease of 
* 
H^ 2* Therefore, it is necessary to balance these competing effects 
produced upon heat treatment in order to optimize the superconducting 
properties of the wires. In the present work, we have attempted to 
determine whether and could be improved by increasing the diffusion 
annealing temperature from 550 to 650°C. 
The results of j measurements up to 15T are illustrated by plotting 
J versus R in Figure 2, along with those wires annealed at 550*C for 
4.7 days. A higher reaction temperature causes R to move to a slightly 
opt 
lower value of R. The optimum at magnetic fields above 12T occurs at 
R = 1500 instead of 2500. The value of J shows no Indication of improve­
ment in the regime of R < R while J decreases more rapidly with 
opt' c 
increasing area reduction in the regime R > R^ ^^ . This latter effect is 
because the coarsening is more severe for filaments of the same size 
reacted at higher temperatures. Figures 3a and 3b are SEM micrographs 
comparing the longitudinal sections of the wires having R = 2500 annealed 
at 550°C and 650°C, respectively. It is clear that the coarsening effect 
at 650"C is more severe and produces a significant loss of continuity in 
the NbgSn filaments. It was also found that after the tin diffusion 
anneal the thickness of the Nb^ Sn filaments was larger than the thickness 
of the original Nb filaments by roughly 30%. 
* 
The upper critical field, was determined by a linear extrapo-
1 / 9 1 / A 
lation of Kramer's relation (18), B versus which is 
* 
reaction temperature dependent, is plotted as versus R at different 
temperatures in Figure 4. The maximum of the wires reacted at 550°C 
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Figure 3. Longitudinal section of Nb^ Sn-Cu wires- showing coarsened 
Nb^ Sn filaments. 
(a) NbgSn-Cu wire with R = 2500 annealed at 550°C for 
4.7 days; (b) Nb^ Sn-Cu wire with R = 2500 annealed at 
650°C for 5 days. (lO.OOOX) 
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* 
and 650 C appears to be around 16.6T. For 550 C reacted wires, 
* 
begins to decrease at R = 2500, while for 650 C reacted wires starts 
to decline at R = 1500. This difference results from the coarsening of 
NbgSn filaments and the loss of filament continuity as shown in Figures 
3a and 3b. In earlier studies by Akihama et al. (16, 17) (bronze-
* 
processed wire), it was found that the single core NtyCSn-In) 
wires and tapes increased by annealing them at higher temperatures. In 
* 
contrast to their studies, H „ of these in situ wires was found to decrease 
cl 
with increasing reaction temperatures at area reduction R > 1500. This 
discrepancy can be attributed to the different filament sizes in the 
* 
wires. It appears that the enhancement of by increasing reaction 
temperatures does not apply to wires having Nb^ Sn filaments with diameters 
< 2000 Â. 
Effect of C Content 
The morphology of the Nb dendrites in the ingots cast in yttria and 
graphite crucibles as described above are shown on the SEM micrographs of 
Figures 5a and 5b, respectively. The dendritic Nb particles were revealed 
by etching away the Cu matrix in a solution of 55% phosphoric acid, 25% 
acetic acid, and 20% nitric acid. As expected (5, 14), the Nb dendrites 
of the graphite casting had a flower-like shape in contrast to the long 
regular dendritic shapes of the yttria casting. The size of Nb dendrites 
in both ingots was measured and is listed in Table 1. The dimensions of 
the dendrite arms, averaged over 100 measurements, were 8.2 +1.5 pm and 
8.3 + 1.6 ym for the yttria casting and graphite casting, respectively. 
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40Mm 
(a) 
(b) 
Figure 5. The morphology of Nb dendrites in as-cast Cu-20 wt% Nb alloy. 
Deep etched. 
(a) yttria crucible; (b) graphite crucible. (20,000X) 
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Table 1. Measured C compositions and dendrite diameters 
Ingot 
diameter (cm) 
Crucible 
material 
Average dendrite 
diameter (Â) 
Average carbon 
composition (ppmw) 
2.5 yttria 8.2 + 1.5 nm 15 + 2 
2.5 graphite 8.3 + 1.6 pm 380 + 120 
The carbon composition was determined by combustion analysis of 1 
gram samples cut from 3 different positions in the ingots. One was taken 
from as-drawn wires 2 mm in diameter swaged from the central portion of 
ingots. The other two samples were taken from the ingot at positions 6 
mm and 10 mm above the bottom and 2 mm away from the crucible wall. The 
compositions listed in Table 1 represent the average value of the three 
samples. The C composition of the graphite casting is 382 + 120 ppmw 
compared to 15+2 ppmw in the yttria casting. 
Scanning electron micrographs revealed that there was not a marked 
difference in Nb^ Sn filament morphology between yttria cast and graphite 
cast wires, as shown in Figures 6a and 6b. The critical current density, 
based on the total area of the wire, was measured up to a magnetic field 
of 8T. The results are shown in Figure 7, from which it can be seen that 
properties of the higher C material are distinctly lower, by a factor 
of 2 to 5. It is obvious that an increase of C content in the wires 
causes a reduction of properties. The reason for this is not fully 
1/2 2 
understood. The surface flux pinning mechanism (19), F^  = h (1-h) , 
was examined in these two materials by plotting the flux pinning strength. 
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(b) 
Figure 6. Transverse sections of the wires annealed at 550°C for 4.7 
days showing Nb^ Sn filaments. 
(a) yttria casting wire, R =4600; (b) graphite casting wire, 
R = 4600. (20,000X) 
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9( 
F = J X B versus the reduced field, h = H/H The results are 
P c c2 
identical to those on high purity alloys and indicate that C precipitates 
or perhaps Nb-C precipitates do not change the pinning mechanism. 
However, further studies on the kinetics and mechanisms of C precipitates 
are necessary to confirm this conclusion. 
Effect of Ta Additions 
The dimensions of the dendrite arms in the Cu-Nb-Ta castings were 
measured and are listed in Table 2. The results represent the average 
value of over 100 measurements. The dendrite size in these alloys is 
between 7 to 10 urn. It is apparent that variation of Ta content from 
3 wt% to 16 wt% has no effect on the growth kinetics of the dendrites. 
Since the dendrite size of Nb-Ta is large enough to be resolved by 
an electron microprobe, the composition of the dendrites and the Cu matrix 
were measured by a microprobe using a standard ZAF correction program. 
The results are listed in Table 3. As expected. Ta is completely 
immiscible with Cu and is incorporated in a Nb solid solution. The 
amount of Nb in the Cu matrix is between 0.2-0.5 wt% which is consistent 
with previous studies (5) in the Cu-Nb binary alloy. The amount of Cu in 
Nb-Ta dendrites is higher than the solubility limit, < 2 wt%, of the 
Cu-Nb binary alloy. This might be due to extra X-ray counts from the 
matrix. The composition of Ta in Nb shown in the first column of Table 3 
was calculated from the nominal compositions without considering Cu in 
the Nb-Ta dendrites. 
The microstructures of transverse sections of wires after 550°C heat 
treatment were examined. The Nb^ Sn filaments and (Nb, TaX^ Sn filaments 
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Table 2. Nb and Nb-Ta dendrite size in as-cast alloys 
Ta in Nb Alloy dendrite size of 
dendrites (wt%) as^ cast alloy (ym) 
0 Cu-30.0 Nb-0 Ta 8.39 + 1.31 
3 Cu-29.1 Nb-0.9 Ta 8.46 +1.18 
7 Cu-27.9 Nb-2.1 Ta 8.51+1.26 
11 Cu-26.7 Nb-3.3 Ta 8.45+1.24 
16 Cu-25.2 Nb-4.8 Ta 8.31+0.92 
Table 3. Composition of a matrix and dendrite of as-cast Cu-Nb-Ta alloy 
Nominal Ta in Composition of matrix (wt%) Composition of dendrite (wt%) 
Nb dendrite Alloy 
(wt%) (wt%) Cu Nb Ta Cu Nb Ta 
0 Cu-30.0 Nb-Ta 99.8 0.2 0 5.6 94.4 0 
3.0 Cu-29.1 Nb-0.9 Ta 99.5 0.5 0 6.3 91.4 2.3 
7.0 Cu-27.9 Nb-2.1 Ta 99.7 0.3 0 6.1 86.4 7.5 
11.0 Cu-26.7 Nb-3.3 Ta 99.6 0.4 0 5.5 81.8 12.7 
16.0 Cu-25.2 Nb-4.8 Ta 99.7 0.3 0 5.9 74.5 19.6 
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retained their rlbbon-llke morphology. The microstructures of the 
longitudinal sections of the wires are compared as a function of Ta 
compositions in Figure 8. Figure 8a shows the pure Nb^ Sn filaments and 
Figures 8b, 8c, and 8d show the (Nb, Ta)gSn filaments with Ta contents of 
3 wt%, 7 wt%, and 16 wt% in the as-cast Nb dendrites, respectively. 
Livingston (9) found that Ta concentrations in the Nb up to 15 wt% have 
little effect on Nb^ Sn growth kinetics. Similarly, no substantial 
difference in grain dimension between Nb^ Sn and (Nb, Ta)^ Sn was observed 
in Figures 8a-c. In Figure 8d, the wire with 16 wt% Ta in Nb shows a 
morphological change and substantial coarsening effect in the (Nb, Ta)2Sn 
filaments. The Nb^ Sn grains in Figures 8a and 8b have ellipsoidal shape 
and the major axis of grains is very well aligned with the filament axis. 
The (Nb, Ta)2Sn grains containing 11-16 wt% Ta in Nb were oriented more 
randomly along the filament axis. It seems that the randomness of 
(Nb, Ta)2Sn grains increases with increasing Ta content in the wires, and 
that Ta additions in the alloys will change the formation of (Nb, TaX^ Sn 
grains. Further study of the kinetics of formation of (Nb, Ta)gSn is 
necessary to confirm these observations. 
Critical current densities, J , of these wires were measured on the 
c' 
hairpin samples as a function of applied transverse magnetic fields up to 
19T. Figure 9 shows that vs. y^ H characteristics are a function of the 
amount of Ta in the alloys. Recent data of in situ process wires with Ta 
additions reported by LeHuy et al. (11) and Flukiger (12) are included on 
Figure 9. Results for pure Nb^ Sn-Cu wires prepared by the bronze method 
are also shown on Figure 9. It is clear that Ames in situ wires with or 
without Ta additions compare quite favorably to those prepared by 
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(b) 
Figure 8. Comparison of the longitudinal sections of (Nb, Ta)„Sn-Cu 
wires annealed at 550°C for 5 days. 
(a) pure Nb^ Sn; (b) 7 wt% Ta in Nb-Ta phase; (c) 11 wt% Ta in 
Nb-Ta phase; (d) 16 wt% Ta in Nb-Ta phase. (20,000%) 
57 
(b) 
Figure 8. continued 
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o 
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(Nb,Ta)3 Sn- Cu wire 
To concentration in Nb-Tc phase 
Ames In Situ wires 
16 wt % To 
Other In Situ wires 
3 wt % To (LeHuy) 
5 wt % To (Flukiger) 
Commercial Bronze Process Nb^Sn-Cu wire 
^oH(T) 
18 20 
Figure 9. Comparison of versus for in situ (Nb, Ta)gSn-Cu wires 
and conventional bronze processed Nb^ Sn-Cu wire 
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Fliikiger (12), LeHuy et al. (11) and the bronze method (20). The 
data of Fliikiger and LeHuy et al. are probably low because graphite 
containers and chill casting techniques were used which resulted in C 
pick-up and the Nb filament size being too small. The primary effect of 
Ta additions is to raise J at the higher fields. In the 12 to 19 tesla 
c 
range, the 7% Ta sample shows the highest values. These results are 
consistent with those of earlier studies by Suenaga et al. (10). The 
influence of Ta additions on J properties is illustrated by plotting 
c 
J^ (X)/J^ (X=0) versus the Ta content in Nb, X, at = 16T in Figure 10. 
The corresponding data of Suenaga et al. (10) and Fliikiger (12) is also 
shown in Figure 10. Results indicate that 5-10 wt% Ta in Nb can 
effectively increase the J properties of the composite wires. 
ic 
The upper critical field, was determined from Kramer's relation 
(18) by extrapolation as shown in Figure 11. The real of the compound 
* 
(Nb, Ta)2Sn is slightly higher than by a few tesla. The influence of 
'.ft 
Ta on the of Nb^ Sn is illustrated in Figure 12 as a function of Ta 
concentrations in Nb. The of bronze process (Nb, Ta)gSn-Cu wires 
* 
is also shown in Figure 12 for comparison. The of in situ prepared 
wires increased approximately IT by the addition of 7 wt% Ta and then 
* 
decreased as the Ta content increased. The H^ 2 of (Nb, Ta)gSn with 16 wt% 
Ta in Nb is smaller than that of pure Nb^ Sn. This might be attributed to 
the random distribution and the coarsening effect of (Nb, Ta)gSn grains 
subjected to higher concentrations of Ta as shown in Figure 8d. Bronze 
* 
process wires have a higher than that of in situ process wires by 
* 
2 to 5T. The difference in H _ vs. Ta concentration shown on Figure 12 C.I 
may be due to the continuous filaments of bronze-processed (Nb, Ta)gSn 
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(NbjTajjSn-Cu wire, /XqH= I6T 
• "inSitu" { Ames) 
A "In Situ" (Fliikiger) 
• Bronze route 
(Suenoga et ol.) 
3.0 
2.0 
o 
II 
X 
X 
o 
10 20 25 50 15 0 
X ( wt % To in Nb) 
Figure 10. The ratio J (X)/J (X—0) at magnetic fields y H = 16T for Ames 
•- c o 
iii situ wires. For comparison, the data of Fliikigér's in 
situ wire and Suenaga et al. bronze wires are also 
illustrated 
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(Nb,To)^ Sn-Cu wires 
Annealed 550®C - 50 
Ta Concentration in Nb-Ta phase 
200- A a 
1000 
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600-
— u 
^ 400-
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20 
Figure 11. for the (Nb, Taj^ Sn wires as a function of applied 
transverse magnetic fields 
24 — .JO 
---C 
22 
a' 
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OJ 
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X 
o 
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(Nb,Ta )3 Sn -Cu wires 
• - Ames " In Situ" 
' Annealed 550°C 5D 
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(Suenaga et ai.) 
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X (wt 7oTa in Nb) 
ro 
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Figure 12. The upper critical magnetic fields of (Nb, Ta)gSn wires, as a function of nominal 
percent Ta in the Nb. For comparison, the data of bronze wires (Suenaga et al.) are 
illustrated. 
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wires in contrast to the discontinuous filaments of the in situ processed 
wires. 
The flux pinning mechanism was examined by plotting normalized 
pinning strength, F /F versus reduced field, h = H/H without 
P P cz 
* 
considering the data above Figure 13 shows that the experimental 
data give a very good fit with the theoretical function for flux pinning 
1/2 2 
with core interaction, h (1-h) , indicated as the solid line, over the 
entire range of h. This means that grain boundary flux pinning with a 
rigid flux line lattice is operative in the (Nb, Ta)2Sn system. A 
detailed discussion of this pinning mechanism for in situ wire has been 
reported previously (21). It seems that Ta concentrations in Nb up to 
16 wt% have no significant influence on the pinning mechanism. This 
surface flux pinning mechanism was proposed by Dew-Hughes (19). The 
pinning strength, F^ , for surface pinning is described as 
F = J X B = H^ 2 (1) 
P c 4^ 2 c2 
where K is the Ginsburg-Landau constant, y is the magnetic permeability 
o 
and is the effective pinning area. This equation can be rewritten as 
j^ l/Zgl/A _ 1 ^ -1 g^ l/2 (H^ g-H) (2) 
c2 
From this relation, it is obvious that the plot of J versus 
* 
y^ H is linear. can be determined by extrapolation, which is the same 
as for Kramer's relation. The slope A(J ^^ B^^ ^^ )/AH is proportional to 
the quantity ~ K"^  
1/2 1/4^  ^
The slope of J B versus y H is reduced due to the additions of 
c o 
Ta, but as shown in Figure 11, the slopes for those wires with Ta 
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r 1 I n 
(Nb, 10)3 Sn-Cu wires 
Annealed 550°C - 5D 
Compositions of Nb-Ta phase 
Nb-Owt 7oTa 
Nb - 3.0 wt % Ta 
Nb - 7.0 wt % Ta 
N b - l l  w t  
Nb -16 wt % Ta 
Figure 13. Normalized pinning strength F /F versus reduced field h 
for (Nb, TajgSn-Cu wires  ^^ 
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concentrations ranging from 3 to 16 wt% in Nb show no noticeable 
difference. This behavior is in agreement with the bronze processed 
wires having Ta contents ranging from 3 wt% to 10 wt% in Nb as shown in 
Figure 4 of Reference 10. No significant difference in grain size between 
NbgSn and (Nb, Ta)gSn was noted so that the value of in the slope is 
* 
constant. In addition, the measured change in would change the slope 
by less than 2%. Consequently, the decrease in the slope with Ta 
additions can be attributed primarily to an increase in ic. It is thought 
that an increase in J at high magnetic fields results from an increase 
A 
in H^ 2 low concentrations of Ta in Nb. This is probably caused by an 
Increase in K, i.e., a decreased electron mean free path. 
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CONCLUSIONS 
1. An optimum filament thickness has been found to produce maximum 
J values. For a 550°C diffusion anneal, the optimum as-drawn Nb fila-
c 
ment thickness is near 600 Â. For a 650°C diffusion anneal, the optimum 
Nb filament thickness is near 700 Â. At values less than these, filament 
coarsening occurs during the diffusion annealing and degrades the 
values. 
* 
2. H „ of in situ wires was found to be very sensitive to reaction 
* 
temperatures and area reductions. decreases as reaction temperature 
increases, with area reduction R > 1500. 
3. The of wires annealed at 650°C shows no improvement in the 
regime of R < R^ ^^  in comparison with the of wires annealed at 550°C. 
J decreases more rapidly with increasing area reduction in the regime of 
c • • 
4. properties of in situ Nb^ Sn-Cu wires can be increased by a 
factor of 2 to 5 by reducing the G content in the alloy from 380 ppmw to 
15 ppmw. 
5. The in situ formed (Nb, Ta)^ Sn-Cu wires exhibit values higher 
* 
than Nb^ Sn-Cu wires at magnetic fields above 12T. Optimum and 
properties were found on the (Nb, Ta)gSn-Cu wire containing 7 wt% Ta in 
Nb. 
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GENERAL SUMMARY 
Flux pinning has been studied for the In situ prepared multi-
filamentary NbgSn-Cu superconducting wire which have a well-determined 
metallurgical structure of Nb^ Sn filaments. The pinning force density is 
found to be a universal function of magnetic fields as F^  « h^ ^^ (l-h)^ , 
over the full range of reduced field density, h, from h = 0.1 to h =1.0. 
This experimental result is in excellent agreement with the predicted 
pinning function obtained from the model of surface pinning with a core 
interaction without considering flux-lattice elasticity. Of all the 
possible pinning surfaces in the wire, the effective pinning area per unit 
volume calculated from the theory is found to be equal to the area of the 
interfaces of Nb^ Sn-Nb^ Sn grain boundaries which are perpendicular to the 
filament axis. These boundaries seem to be the predominant cause for flux 
pinning in this system. 
Optimization of the J properties has also been studied on these in 
situ prepared superconducting wires. Results show that the reduction of 
the carbon contents of the as-cast Ingots increases the properties 
significantly. An optimum size of as-drawn Mb filaments, 600-700 Â, is 
required to maximize the critical current densities and critical fields. 
O 
If the Nb filaments are less than 700 A, critical current densities and 
critical fields will decrease substantially with Increasing reaction 
temperatures. In addition. Ta additions in the alloy lead to an Increase 
of at magnetic fields > 12T. For (Nb, Ta)gSn-Cu wire containing 
7 wt% Ta in Nb, the critical field is raised by IT and the critical 
70 
current density is raised by a factor of 2 at = 16 in comparison 
with the pure Nb^ Sn-Cu wire. 
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